Abstract. Chronic pancreatitis is a progressive disease characterized by irreversible morphological changes to the pancreas, typically causing pain and permanent loss of function. It is a poorly understood disease with the pathogenesis remaining unclear. The authors' previous data demonstrated that the inhibition of Toll-like receptor 4 (TLR4) using TLR4 antagonist kinase (TAK)-242 attenuates taurocholate-induced oxidative stress via the regulation of mitochondrial function in the pancreatic acinar cells of mice. In the present study, the effect of TAK-242 on trinitrobenzene sulfonic acid (TNBS)-induced chronic pancreatitis was investigated in rats. The results revealed that TAK-242 attenuated the severity of chronic pancreatic injury, and regulated extracellular matrix secretion and cellular immunity. In addition, TAK-242 treatment significantly decreased cell apoptosis, as evidenced by the reduction in Terminal deoxynucleotidyl transferase dUTP nick end labeling-positive cells in pancreas tissue sections, and also promoted cell proliferation in TNBS-treated animals. Furthermore, the results of the calibrated von Frey filament assay demonstrated that TAK-242 could prevent the pancreatitis-induced referred abdominal hypersensitivity. In summary, TAK-242 exhibits protective effects against TNBS-induced chronic pancreatitis and may be a potential therapeutic strategy for the treatment of patients with chronic pancreatitis.
Introduction
Chronic pancreatitis is defined as a progressive fibro-inflammatory disease of the pancreas which can be classified into three phenotypes: Chronic calcifying pancreatitis, chronic obstructive pancreatitis and chronic auto-immune pancreatitis. The overall incidence of chronic pancreatitis worldwide is approximately 2 to 200 per 100,000, and recent data indicate an increasing trend year by year (1) . Current treatments, including internal medicine, endoscopy and surgical intervention, can only relieve symptoms and improve quality of life, but are not effective in halting the advance of the disease (2) .
Toll-like receptors (TLRs) are a large family of type I transmembrane proteins that play key roles in innate immunity and inflammatory responses. Thirteen mammalian TLRs have been identified, among which TLR1-TLR10 are conserved between humans and mice (3) . Currently known, they are located not only in the immune cells, including B cells, T cells and macrophages, but also in other cells, such as fibroblasts, epithelial cells and pancreatic acinar cells (4) . TLR4 is expressed in the internal and external secretory portions of pancreas and has been identified as the signaling receptor for both lipopolysaccharide and endotoxin, the outer membrane components of Gram negative bacteria (5) . Previous studies have pointed out the potential role of TLRs in pancreatitis and associated organ injury. For example, TLR4 mRNA was shown to be upregulated in the pancreas of rats in the early stage of pancreatitis (6) . The increase in plasma TNF-α levels was found to be positively correlated with the expression of TLR4 in pancreatitis patients (7) . Furthermore, our previous data suggested that inhibition of TLR4 attenuates taurocholate-induced oxidative stress via regulating mitochondrial function in mice pancreatic acinar cells (8) . In the present study, we investigated the potential protective role of TLR4 antagonist kinase (TAK)-242, a novel TLR4 antagonist, in a chronic pancreatitis model induced by trinitrobenzene sulfonic acid (TNBS) in rats.
Materials and methods
Subjects. Male Sprague-Dawley rats (250 to 300 g) were obtained from the Laboratory Animal Center of the Xi'an Jiaotong University (Xi'an, China). The animals had continuous access to food and water and were housed in cages in a room maintained at 20 to 22˚C with a 12 h light/12 h dark cycle. All experimental protocols and animal handling procedures were Chronic pancreatitis model. Induction of chronic pancreatitis was performed according to a previously described method (9) . TNBS was dissolved in 10% ethanol, and animals were intraductally infused with 2% TNBS in 400 µl. A same volume of 10% ethanol in phosphate-buffered saline (PBS) was used to the Vehicle rats. Membranes were blocked with 5% non-fat milk solution in Tris-buffered saline with 0.1% Triton X-100 (TBST) for 1 h, and then incubated overnight at 4˚C with the primary collagen 1α1, α-smooth muscle actin (α-SMA), TGF-β, matrix metalloproteinase (MMP)-2, MMP-9, CD68, CD3, CD4, CD8, CD19, amylase, PCNA, caspase-3, Bcl-2, Bax, and β-actin antibody dilutions in TBST. After that the membranes were washed and incubated with secondary antibody for 1 h at room temperature. Immunoreactivity was detected with Super Signal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific Inc., Rockford, IL, USA). An analysis software named Image J (Scion Corporation, Bethesda, MA, USA) was used to quantify the optical density of each band.
Measurement of serum amylase, lipase and lactate dehydrogenase (LDH
Statistical analysis. Statistical analysis was performed using SPSS 16.0 (SPSS, Inc., Chicago, IL, USA), a statistical software package. Statistical evaluation of the data was performed by one-way analysis of variance (ANOVA) followed by Bonferroni's multiple comparisons. A value of P<0.05 was considered statistically significant.
Results

TAK-242 attenuates the severity of chronic pancreatitis.
To mimic chronic pancreatitis in vivo, rats were treated with 400 µl TNBS by intraductal infusion, and significant decreases in body weight and pancreas weight were detected in Vehicle group. Treatment with TAK-242 markedly increased the body weight compared with that in Vehicle-treated animals in week 5 and 6, but not in week 4 (Fig. 1A ). As shown in Fig. 1B , TNBS-induced pancreas weight loss was ameliorated by TAK-242. Blood samples were collected at week 5 and analyzed by the automatic biochemical analyzer. Neither TNBS nor TAK-242 has effect on the serum levels of amylase and lipase ( Fig. 1C and D) , whereas TAK-242 partially prevented the TNBS-induced elevation of serum LDH level (Fig. 1E ).
TAK-242 modulates extracellular matrix (ECM) secretion and cellular immunity.
Western blot analysis was performed to quantify the expression of ECM associated proteins (Fig. 2) . The expression of collagen 1α1, α-SMA and TGF-β increased obviously after TNBS administration compared with control group but decreased after TAK-242 treatment. TAK-242 also partially prevented the TNBS-induced upregulation of MMP-9, whereas the increased expression of MMP-2 was not significantly affected by TAK-242. In addition, we detected the expression of CD68, CD3, CD4, CD8 and CD19 to investigate the effect of TAK-242 on the cellular immunity in chronic pancreatitis (Fig. 3A) . As shown in Fig. 3B , all these proteins were obviously upregulated after TNBS administration, and the application of TAK-242 markedly reduced the expression of these proteins.
TAK-242 modulates the proliferation and apoptosis in chronic pancreatitis.
It is well known that both cellular apoptosis and proliferation are involved in the chronic pancreatic injury induced by TNBS. Thus, we detected the expression of proliferation and apoptosis related proteins by western blot analysis (Fig. 4A ). As shown in Fig. 4B , TNBS decreased the expression of amylase, and TAK-242 significantly preserved the expression of amylase in TNBS-treated animals. In contrast, the expression of PCNA was upregulated after TNBS administration, which was further promoted by TAK-242. In addition, TAK-242 treatment significantly decreased the expression of Bax and caspase-3, but increased the expression of Bcl-2 after TNBS administration. We also performed the TUNEL staining to detect apoptosis in vivo, and the results indicated increased acinar cell apoptosis in mice following the induction of chronic pancreatitis (Fig. 4C) . The number of TUNEL positive cells was lower after TAK-242 treatment than that in TNBS group.
TAK-242 prevents pancreatitis-induced referred abdominal
hypersensitivity. Pancreatitis-induced pain was evaluated by probing the abdomen with von Frey filaments, and obvious abdominal hypersensitivity in TNBS-treated animals was proved by the increased number of responses to 5 applications of von Frey filaments. The concentration of TAK-242 as 3 mg/kg was chosen according to a previous paper (11) . As shown in Fig. 5A , a dose-dependent reversal of response number was observed after TAK-242 treatment. In addition, the responses in TAK-242 treated chronic pancreatitis rats were significantly reduced and were markedly different from rats treated with TNBS alone in week 5 and 6, but not in week 4 (Fig. 5B) .
Discussion
Chronic pancreatitis is characterized by inflammation and fibrosis, and one of the most important mechanisms of this process is the activation of innate immune system. In our study of chronic pancreatitis induced by TNBS, we demonstrated the protective effect of blocking TLR4, an important regulator of immune/inflammatory responses. The pathophysiologic changes present in the pancreas during chronic pancreatitis are complicated. Our results showed that TAK-242 attenuates pancreas weight loss, modulates ECM secretion, regulates cellular immunity and reduces acinar cell apoptosis. In addition, TAK-242 administration also prevents pancreatitis-induced referred abdominal hypersensitivity, the most common and typical clinical symptom of patients with chronic pancreatitis. TLR4 was originally identified to generate innate immune responses to pathogens by activating pro-inflammatory events (12) . Significant findings on TLR4-mediated signaling cascades in inflammatory diseases have been reported, such as upregulation of plasma TNF-α and nuclear factor-κB (NF-κB) levels (7) . Previous studies showed that TLR4 could recognize its endogenous ligands and activate macrophages to release multiple inflammatory mediators during acute pancreatitis (13).
TAK-242 is an exogenous synthetic antagonist for TLR4, which can inhibit TLR4 signaling and attenuate the inflammatory responses under pathological conditions (14) . Our previous study found that TAK-242 was effective in ameliorating cytotoxicity and apoptosis induced by taurocholate exposure in a cellular model of acute pancreatitis (8) . The protective effects were associated with inhibited oxidative stress and preserved mitochondrial function. Here, we extended the protective effect of TAK-242 into an animal model of chronic pancreatitis. These results are helpful for understanding the possible roles of TLR4 in pancreatitis and will help to better understand the pathogenesis in chronic pancreatitis.
Fibrogenesis is a characteristic pathological alteration of chronic pancreatitis, and the prolonged activation of fibrotic cascades will eventually lead to the loss of pancreatic endocrine and exocrine functions (15) . The most crucial step of pancreatic fibrosis is the activation of pancreatic stellate cells (PSCs), which transform into an activated phenotype and secrete excessive amounts of ECM proteins, such as α-SMA, collagens and MMPs (16, 17) . In TNBS-induced pancreatitis, activated PSCs were shown to be associated with the main cellular of collagen and the positive areas of α-SMA-stained sections (9) . As shown in Fig. 2 , activated PSCs and ECM deposition were identified by the increased expression of collagen-1α1 and α-SMA, indicating the pancreatic fibrosis after TNBS treatment in our model. Another key factor that influences pancreatic fibrosis in chronic pancreatitis is the balance of ECM synthesis and degradation. Among multiple inflammatory cytokines, TGF-β acts at different levels to increase pancreatic collagen deposition (18, 19) . In addition, the serum levels of MMP-9 were increased in patients with recurrent chronic pancreatitis (20) , and the active form of MMP-9 was associated with the development of diabetes mellitus in chronic pancreatitis (21) . In the present study, we found that TAK-242 partially prevented the TNBS-induced increase in collagen-1α1, α-SMA, TGF-β, MMP-2 and MMP-9 expression, indicating that TLR4 blockage might inhibit pancreatic fibrosis via modulating ECM deposition.
The mechanism of pancreatic acinar cell death and survival in chronic pancreatitis has not been extensively understood. It was well accepted that the process of cellular apoptosis and proliferation were both participated, but their relationship with the progression of chronic pancreatitis remains unknown. Previous studies have shown that the acinar cell apoptosis index and proliferation index were higher in chronic pancreatitis than controls (22) . In consistent, our results of western blot analysis showed increased expression of PCNA, caspase-3 and bax, as well as decreased expression of amylase, and Bcl-2 after TNBS treatment. A recent study found that recombinant interleukin-1 receptor antagonist attenuates the severity of chronic pancreatitis induced by TNBS through promoting cellular proliferation and inhibiting apoptosis (9) . As an antagonist for TLR4, TAK-242 has been shown to regulate cellular apoptosis in multiple human diseases (11, 23) . Our previous experiments showed that TAK-242 attenuated taurocholate-induced oxidative stress through regulating mitochondrial associated apoptosis in mice pancreatic acinar cells (8) . Here, we found that TNBS-induced alteration in the expression of proliferation and apoptosis related proteins and increased TUNEL positive cells were both partially prevented by TAK-242. Therefore, we speculated that TAK-242-induced protection might be associated with reduction of acinar cell loss mediated by apoptosis inhibition, as well as enhanced pancreas regeneration by improvement of cellular proliferation in the pancreas.
Although typical clinical symptom of patients with chronic pancreatitis, such as weight loss, steatorrhea, diabetes and malnutrition, are vague and not specific, approximately 90% of patients suffer from abdominal pain (24) . The pancreatic pain is usually epigastric, dull and constant in nature, and always radiate to the back or laterally to the left and right flank (25) . It was originally considered to be caused by anatomical changes in pancreatic structure, but strategies based on this theory are shown unsatisfactory. Increasing evidence indicate neurobiological theories for the explanation of pain in chronic pancreatitis, and multiple inflammatory mediators, such as prostanoid, tachykinin, and growth factors, as well as neurotransmitters, including glutamate and substance P, are thought to be in involved in these mechanisms (26, 27) . As the 'gate' of inflammatory response, TLR4 has been shown to play a key role in chronic pain states of somatic origin in preclinical models. Intrathecal injection of short interfering RNA (siRNA) against TLR4 reduced nociception in a rat model of neuropathic pain, and downregulation of TLR4 gene expression by siRNA attenuated bone cancer pain in a rat model (28, 29) . Using pharmacological and genetic approaches, Tramullas and et al demonstrated that TLR4 was required to modulate visceral pain under physiological conditions, and pharmacological blockade of TLR4 was able to counteract the hyper-responsive phenotype in an animal model of stress-induced visceral hypersensitivity (30) . In the present study, we found that the TLR4 antagonist TAK-242 produced a dose-and time-dependent reversal of referred abdominal hypersensitivity. We speculated that peripheral administration of TAK-242 might blunt abdominal hypersensitivity through reducing release of inflammatory cytokines, or it could impede the sensory information transmission from the gastrointestinal tract to the central nervous system, which needs to be further determined.
In summary, our present data can be interpreted to show that the TLR4 antagonist TAK-242 is effective in attenuating the severity of TNBS-induced chronic pancreatitis. This effect is associated with modulation of ECM secretion, regulation of cellular immunity and inhibition of cellular apoptosis.
